Abstract. With the introduction of new materials as high strength steels, metastable steels and fibre reinforced composites, the need for advanced physically valid constitutive models arises. In finite deformation problems constitutive relations are commonly formulated in terms the Cauchy stress as a function of the elastic Finger tensor and an objective rate of the Cauchy stress as a function of the rate of deformation tensor. For isotropic materials models this is rather straightforward, but for anisotropic material models, including elastic anisotropy as well as plastic anisotropy, this may lead to confusing formulations. It will be shown that it is more convenient to define the constitutive relations in terms of invariant tensors referred to the deformed metric. Experimental results are presented that show new combinations of strain rate and strain path sensitivity. An adaptive through-thickness integration scheme for plate elements is developed, which improves the accuracy of spring back prediction at minimal costs. A procedure is described to automatically compensate the CAD tool shape numerically to obtain the desired product shape. Forming processes need to be optimized for cost saving and product improvement. Until recently, a trial-and-error process in the factory primarily did this optimization. An optimisation strategy is proposed that assists an engineer to model an optimization problem that suits his needs, including an efficient algorithm for solving the problem.
INTRODUCTION
In the early eighties of the previous century numerical simulations were gaining interest in the field of industrial forming processes of metals, polymers and other materials. In 1982 the first conference on numerical simulations of forming processes (NUMIFORM) was held in Swansea, UK, organized by O.C. Zienkewicz. A series of Numiform conferences followed.
One of the pioneers in the field is J.L. Chenot. He established an excellent research institute CEMEF in Sophia Antipolis, France. In 1992 he organized the fourth NUMIFORM conference [1] . He is the founding father of the European Scientific Association for FORMing processes (ESAFORM). He published many scientific papers and text books in the field of simulation of forming processes. Therefore with pleasure the authors contribute to the mini-symposium on the occasion of the 60th anniversary of Jean-Loup Chenot during the 9th Numiform conference.
Without extensive knowledge of the production process and the materials used, it is hardly possible to adequately design the forming tools and make a proper choice of blank material to manufacture a product with the desired shape and performance. As a result, a costly and time consuming trial and error process is started to determine the proper tool design and all other variables, leading to the desired product. To reduce waste of time and cost, computer simulations can be used replacing experimental trial and error processes by a virtual trial and error process. Rapid developments in computer hardware make the finite element analysis of complex deformation responses increasingly applicable. The accuracy of and reliability of finite element programs do not yet satisfy the industrial requirements. The main reasons are the lack in knowledge of (new) materials during and after forming. To improve the constitutive modelling of metals, more flexible and more material-specific yield loci and hardening laws are required.
In many cases the shape deviation of the sprung back part and the desired product is so large that spring back compensation is needed. The tools of the deep drawing process must be changed such that the product becomes geometrically accurate after spring back.
Nowadays, numerical simulations, and the possibility of coupling these numerical simulations to mathematical optimization algorithms, are offering a 281 promising opportunity to design optimal metal forming processes.
MATERIAL MODELLING
In elastic-plastic finite deformation problems constitutive relations are commonly formulated in terms of the Cauchy stress as a function of the elastic finger tensor and an objective rate of the Cauchy stress as a function of the rate of deformation tensor. In [2] is shown that for anisotropic materials it is more convenient to define the constitutive relations in terms of invariant tensors referred to the deformed metric. The formulation given in [2] is briefly summarized here. The deformation gradient F maps the initial configuration to the current configuration: dx = F dX. Commonly F is (polar) decomposed in a rotation Q and a stretch tensor: F = Q U and F = V Q. However this decomposition is not simply related to the additive decomposition of the velocity gradient into a spin tensor and a rate of deformation tensor. We may alternatively split the deformation tensor in a tensor G which is NOT necessarily symmetric, and a orientation tensor R:
(1) The decomposition (1) is not unique. The tensor G may contain deformation and material (lattice or fibre) orientation. The tensor G is invariant under rigid body rotations as an additional rotation can be regarded as a subsequent multiplication of Q and R, and has no influence on G. With the decomposition (1) the velocity gradient L can be written as: (2) where W is the spin-tensor and D the rate of deformation tensor. Apart from the spin tensor we define the rate of rotation tensor according to: (3) The rate of rotation tensor is skew symmetric but may differ from the spin-tensor. We may require that W = . The orientation tensor R is then path dependent and is to be solved from the evolution equation R • =W • R, and not from a polar decomposition. Apart from the objective Cauchy stress an invariant stress tensor is introduced by: (4) The deformation tensor F is assumed to be decomposed in an orientation part R, a reversible part F r and an irreversible part F p . The reversible part can be decomposed in an elastic part and a thermal (expansion) part. (5) Constitutive equations are formulated as relations between (rates of ) , F e F T F p . For elastic (visco-) plastic materials constitutive equations are then expressed in material rates referring to local directions One has not to puzzle about appropriate objective rates The general form of the constitutive rate equations is then expressed as:
Where the invariant rate of deformation d is related to the objective rate of deformation D by:
Of course the material rate of is related to an objective rate of :
However equation (8) is redundant. Mapping of the stress tensor to the global direction is only required for equilibrium checking and is carried out by applying (4) on the final stress state at the end of an increment. In micro mechanical models the incremental update of the orientation tensor follows from rotations of crystal lattice planes. For fiber reinforced composites several orientation tensors can be defined over the thickness of a composite, depending on the orientation of different fiber layers. More details concerning the formulation for anisotropic material can be found in [2] .
Material Testing
A new biaxial testing device for sheet material is developed at the University of Twente [3] . The equipment can deform a sample in shear and tensile direction, see Figure 1 . It is a conventional uniaxial test frame with a subframe mounted that is capable of adding shear deformation to the sample. The actuators for the shear and tensile direction are controlled individually. The width/height ratio of the deformation zone is chosen quite large to obtain a homogeneous shear deformation in the material and a plane strain condition in horizontal direction. The covered domain is depicted in Figure 2 . At the deformation zone of the sample dots of silicon kit are attached. These are tracked by a camera. The co-ordinates of the dots are used to determine the strains in the plane of the sample. The stresses in tensile and shear direction are determined by measuring the force in tensile and shear direction. The stress in horizontal direction is more complicated because of the plane strain boundary condition. As a result the position of the stress state in the principal stress space is not exactly known due to the missing stress. The Vegter yield-criterion [4] is developed for anisotropic sheet material characterization and is a typical macro-scale description of the yield surface. The yield criterion (6) (7) (8) combines the results of four tests; simple shear test, tensile test, plane strain test and the biaxial test. Bezier interpolation between these four reference points is used to describe the yield surface, see Figure 3 . Another experimental procedure for estimating the part of the yield locus under biaxial tension is presented in [5] . Points on the yield locus where elastic to plastic transition occurs are determined by means of temperature measurements.
Biaxial Tests with Strain Path Changes
Tests are carried out with orthogonal strain path changes; plane strain tension followed by shear deformation without intermediate unloading. In Figure  4 the results are depicted for DC06 mild steel. It is shown that a sudden strain path change gives an overshoot in shear stress. The stress observed in the test with a gradual strain path change slowly converges to the monotonous simple shear test. 
SPRINGBACK PREDICTION AND COMPENSATION
Springback may be defined as an elastically driven change of shape of a product which occurs when external loads are removed. Various experimental procedures used to study the springback revealed that it is a complex physical phenomenon which involves small scale plasticity effects and thus, depends on a deformation path, crystallographic texture and its evolution. Therefore, to accurately model the phenomenon in finite element analysis it is preferable to use physically-based material models, which are fully capable of describing complex material behavior such as the Bauschinger effect and anelastic effects during unloading.
Advanced Integration Scheme for Shell Elements
In shell elements numerical integration is split into an in-plane integration and a through thickness integration. Here the focus is on the latter. When a material undergoes plastic deformations there appear points of discontinuity in through-thickness stress profile. None of standard numerical integration rules can guarantee accurate results in this case and the number of the integration points required to represent the non-linear stress profile increases. It was shown in [8] that depending on a material, process parameters and the integration rule 10 to 50 integration points are needed through the thickness to minimize influence of numerical integration error on springback prediction. To overcome this problem a strategy is used that is based on adaptive integration. This adaptive rule may change its definition and placement of the integration points to adapt itself to a varying stress profile. Ideally, integration points will be placed in the locations where the discontinuities appear, to assure that these discontinuities do not influence the accuracy. Thus a number of the integration points needed to guarantee a certain level of accuracy of springback prediction maybe reduced significantly. Results of numerical integration are shown in Figure 5 , where the relative moment error varies as a function of the in-plane tension. In this figure, the in-plane tension is represented by the normalized shift of the neutral line. The numerical integration is performed using the trapezoidal rule with 50 integration points and the adaptive spline integration with only 11 points.
Springback Compensation
The first step towards a geometrically accurate product is to reduce springback as much as possible, for example by optimizing the blankholder load. However, some springback will always remain present. When the geometrical tolerances are exceeded, springback compensation is required. This means that the surfaces of the forming tools are modified in such a way, that the shape of the formed product is accurate after springback. Recently, there has been a lot of attention for springback compensation [6] . The Displacement Adjustment (DA) method [7] [8] [9] has shown to be most successful. With the SDA algorithm, it is possible to carry out springback compensation on real products and create a new tool set that not only delivers accurate products, but that also meets practical requirements [10, 11] .
A deep drawn product by DAF is compensated, based on simulations with the commercial code PAM-STAMP 2G. It is made from mild steel with a thickness of 2mm and produced in a complex process, including three forming stages and two trimming stages. Figure 6 (left) shows that the product was already rather accurate with the original tools. After 5 iterations (right), the maximum shape deviation was reduced below the tolerance everywhere. 
OPTIMISATION
Recently, coupling the Finite Element Method to mathematical optimization techniques is evolving to address two industrial needs, i.e. (i) Designing optimal metal forming processes instead of only feasible ones (better products, lower costs); and (ii) Solving problems in manufacturing. Basically, it consists of two major phases: the modeling and the solving of the optimization problem, illustrated in Figure 7 . The modeling phase consists of three items. One phase is selecting a number of design variables the user is allowed to adapt. Another phase consists of choosing an objective function (the optimization aim) and the third phase is to account for possible constraints. Both the objective function and the constraints should be quantified by the design variables. The objective function and constraints are also related to each other in the sense that they are often exchangeable. Four major groups of algorithms are reviewed that can be applied for optimizing metal forming processes using FEM simulations:
-Iterative algorithms -Evolutionary and Genetic algorithms -Approximate optimization algorithms -Adaptive optimization algorithms Algorithms for which there is a direct coupling between the algorithm and the FEM software ( Figure  8(a) ) are genetic and evolutionary optimization algorithms. Genetic and evolutionary algorithms look promising because of their tendency to find the global optimum and the possibility for parallel computing. Furthermore, they do not require the difficult to calculate sensitivities. However, the rather large number of function evaluations that is expected to be necessary using these algorithms is regarded as a serious drawback. A more efficient way of optimization in combination with time consuming function evaluations is using approximate optimization algorithms, of which Response Surface Methodology (RSM) is a wellknown representative. RSM is based on fitting a low order polynomial metamodel through response points, which are obtained by running FEM calculations for carefully chosen design variable settings and finally optimizing this metamodel. Hence, for approximate optimization, the direct coupling between the optimization algorithm and the FEM calculations is removed and a metamodel is placed in between as a buffer. This is schematically presented in Figure 8(b) . Metamodels are sometimes also referred to as Response Surface models or surrogate models. Next to RSM, other metamodeling techniques are Kriging (or Design and Analysis of Computer Experiments (DACE)) and Neural Networks. Allowing for parallel computing and lacking the necessity for sensitivities, RSM is appealing to many researchers in the field of metal forming. Disadvantages include an approximate optimum as a result rather than the real global optimum, and the curse of dimensionality: these algorithms tend to become very time consuming if many design variables are present. Another group is so-called adaptive algorithms. Adaptive algorithms are not coupled to FEM in the same way as the other three groups of algorithms. Adaptive algorithms are incorporated within the FEM code and generally optimize the time dependent load paths of the metal forming process during each increment of the FEM calculation. An advantage is that the optimum is obtained in only one FEM simulation. However, access to the source code of the FEM software is necessary and only time dependent design variables can be taken into account. These disadvantages seriously limit the general applicability of these kind of algorithms.
Application to Hydroforming
The optimisation strategy -and the potential of optimisation in general -is demonstrated by applying it to a simple hydroforming example, see Figure 9 (a). where h is the thickness throughout the final part, h 0 the final thickness defined by the part designer (1mm), N the number of nodes throughout the part. R and t are the initial tube's radius and thickness, t1 and t2 the time when axial feeding starts and stops, u max the amount of axial feeding, and is the increase in internal pressure. denotes the coefficient of friction. (9) As a constraint the tool−product distance between final product and the die should be less than a threshold. Figure10 presents the wall thickness distribution throughout the final product for the perfect product (uniform wall thickness of 1 mm), some arbitrary settings of the design variables, and the optimized process. Screening [12] is applied to reduce the number of design variables. The optimised process yields a significantly better product, which demonstrates the high potential of optimization in metal forming in general, and specifically the used optimisation strategy. In [12] and [13] more details are given concerning the research on optimization of forming processes including an extensive literature review.
CONCLUDING REMARKS
This article shows briefly some major developments in the research on the numerical prediction of metal forming processes. A more extensive overview is given in [13] Different research fields are coupled which show the high potential of a multidisciplinary approach to bridge the gap between state of the art research and industrial needs.
